It has been shown that the L289A-mutated Newcastle disease virus (NDV) fusion (F) protein gains the ability to promote fusion of Cos-7 cells independent of the viral hemagglutinin-neuraminidase (HN) protein and exhibits a 50% enhancement in HN-dependent fusion over wild-type (wt) F protein. Here, we show that HN-independent fusion by L289A-F is not exhibited in BHK cells or in several other cell lines. However, similar to the results in Cos-7 cells, the mutated protein plus HN does promote 50 to 70% more fusion above wt levels in all of the cell lines tested. L289A-F protein exhibits the same specificity as the wt F protein for the homologous HN protein, as well as NDV-human parainfluenza virus 3 HN chimeras. The mutated F protein promotes fusion more effectively than the wt when it is coexpressed with either the chimeras or HN proteins deficient in receptor recognition activity. In addition, its fusogenic activity is significantly more resistant to removal of sialic acid on target cells. These findings are consistent with the demonstration that L289A-F interacts more efficiently with wt and mutated HN proteins than does wt F by a cell surface coimmunoprecipitation assay. Taken together, these findings indicate that L289A-F promotes fusion by a mechanism analogous to that of the wt protein with respect to the HN-F interaction but is less dependent on the attachment activity of HN. The phenotype of the mutated F protein correlates with a conformational change in the protein detectable by two different monoclonal antibodies. This conformational change may reflect a destabilization of F structure induced by the L289A substitution, which may in turn indicate a lower energy requirement for fusion activation.
Newcastle disease virus (NDV) is a member of the Avulavirus genus of the Paramyxoviridae family of viruses. Virion and infected cell surfaces contain two types of spikes, the hemagglutinin-neuraminidase (HN) and fusion (F) glycoproteins (25) . The tetrameric HN protein spike mediates receptor recognition and also possesses neuraminidase (NA) activity, the ability to cleave a component of those receptors, sialic acid (20) . The F protein directly mediates virus-cell and cell-cell fusion (20) .
The paramyxovirus F spike is a trimeric, type I membrane glycoprotein; thus, it has the opposite orientation from that of HN. The three-dimensional structure of the NDV F protein has been solved (5) . The F protein is produced as an inactive precursor, F o , which must be cleaved by a cellular protease to produce an active, disulfide-linked F 1 -F 2 complex. Cleavage creates a new C terminus of F 1 , a well-conserved fusion peptide, which is directly inserted into the membrane to initiate fusion ( Fig. 1) (20) .
For most paramyxoviruses, the promotion of fusion by the F protein is dependent on a contribution from HN, in addition to its recognition of receptors (14) . This contribution is virus specific, in that most heterologous combinations of HN and F do not result in fusion (20) . The role that HN plays in Fmediated fusion involves an interaction between the two proteins at the cell surface (7, 21, 33) . Through the construction and evaluation of chimeric HN proteins composed of domains from proteins derived from heterologous viruses, it has been shown that the stalk region of the HN spike determines its specificity for the homologous F protein (8, 29, 31, 32) .
Three heptad repeat (HR) domains have been identified in F 1 (Fig. 1 ). HR1 is located adjacent to the fusion peptide at the N terminus of F 1 (4) . HR2 is located within the first 40 residues of the stalk just outside the membrane (3). These two HRs have been shown to refold into a six-helix bundle structure that is an intermediate in the fusion process (24) . Another HR (HR3) is situated between HR1 and HR2 at residues 268 to 289 and may act during the conversion of F to the active form and/or in destabilizing the target membrane (12) . The role of this HR in the structure and function of the NDV F protein was examined by the introduction of individual alanine substitutions for the heptadic leucines (26) . One of these substitutions (L289A) resulted in a protein capable of promoting 70% of the amount of fusion promoted by wild-type (wt) HN and F in Cos-7 cell monolayers in the absence of HN. The substitution also resulted in more than 50% enhancement in fusion when L289A-F was coexpressed with HN compared to that achieved with the two wt proteins. Thus, a single amino acid substitution in F alters the requirement for HN in the promotion of fusion by NDV F.
Here, we have further characterized the relationship between receptor recognition and the fusion promotion activity of L289A-mutated NDV F. First, we have shown that the quite extensive HN-independent fusion exhibited by this mutated protein in Cos-7 cells cannot be duplicated in any of several other cell lines, including BHK, HeLa, 293T, CV-1, Hep-2, and CHO cells. However, enhanced HN-dependent fusion above wt levels is observed in all cell types tested. In addition, L289A-F is identical to the wt protein with respect to the requirement that the complementing HN protein be from the same virus and to the specificity for NDV-human parainfluenza virus 3 (hPIV3) HN chimeras. L289A-F also exhibits a pattern similar to that of the wt protein with respect to its interaction with HN and mutants derived from it, although the mutated F protein does interact more efficiently. Most significantly, the fusion-promoting activity of L289A-F is much more resistant to diminished receptor recognition by the coexpressed HN protein, resulting from either site-directed mutagenesis of HN or treatment of target cells with exogenous NA. Finally, two monoclonal antibodies (MAbs) can detect a conformational difference between L289A-F and the wt F protein. These findings support the idea that the L289A substitution converts F to a form that is less dependent on an interaction with HN for conversion to the fusion-active form and which may already be in an intermediate fusogenic conformation.
MATERIALS AND METHODS

Recombinant expression vectors.
Construction of the NDV-Australia-Victoria HN and F recombinant pBluescript SK(ϩ) (Stratagene Cloning Systems, La Jolla, Calif.) and hPIV3 HN and F expression vectors (8, 22) , as well as the pCAGGS expression vector containing the NDV-Australia-Victoria HN and F genes (21), has been described previously. Construction of the HN chimeras having NDV-derived N-terminal segments has also been previously described (8) .
Site-directed mutagenesis. Introduction of the L289A substitution into NDV F was accomplished by site-directed mutagenesis (6), using a mutagenic primer (5Ј-GTATACAGGTAACTGCCCCTTCAGTAGGAAACCTAAATAATATG-3Ј) (Integrated DNA Technologies, Inc., Coralville, Iowa). The codon for the alanine substitution is in boldface type. Screening for mutants was facilitated by the introduction of a unique EcoNI site (underlined in the sequence above). The presence of the desired mutation was verified by sequencing of double-stranded DNA, with the Sequenase Plasmid Sequencing Kit (United States Biochemical, Cleveland, Ohio), according to protocols provided by the company. Multiple clones were characterized. The preparation of site-directed HN mutants carrying a substitution of I175E, D198R, F220A, F220N, S222K, S222T, K236R, Y526L, or E547Q has been described previously (6, 7, 17) , as has the preparation and characterization of the NDV-hPIV3 HN chimeras (8) .
Cell lines and transient expression systems. BHK-21, Cos-7, Hep-2, and CV-1 cells were obtained from the American Type Culture Collection (Manassas, Va.). CHO cells and sialic acid-deficient cells (Lec2) derived from them, as well as 293T cells, were gifts from Anne Moscona (Mount Sinai School of Medicine, New York, N.Y.). HeLa cells were obtained from the University of Massachusetts Medical Center Tissue Culture Facility. BHK-21 cells were maintained in Dulbecco's modified Eagle medium (high glucose), supplemented with 5% fetal calf serum, 20 mM L-glutamine, and antibiotics. All other cell lines were maintained in the same medium except that the medium was supplemented with 10% fetal calf serum and 20 mM nonessential amino acids.
All cells were seeded in six-well plates a day earlier at 4 ϫ 10 5 cells/well, except 293T cells, which were seeded at 6 ϫ 10 5 cells/well. All experiments, except for those on the effect of cell line and expression system on fusion promotion, were done with BHK-21 cells (American Type Culture Collection), with the recombinant vaccinia virus-T7 RNA polymerase expression system (11) by a previously described transfection protocol (22) . The HN and F proteins were also expressed in HeLa and Hep-2 cells with the vaccinia virus-T7 RNA polymerase system. The viral glycoproteins were also coexpressed in these cell lines, as well as Cos-7, 293T, and CHO cells, with the pCAGGS expression vector. Plasmid DNA (1.5 g/well) was transfected into the cells with PolyFect transfection agent (QIA-GEN, Inc., Valencia, Calif.), according to protocols provided by the company and optimized for transfection of each specific cell line. Assays were performed 18 h posttransfection.
Hemadsorption assay. Hemadsorption (HAd) activity of HN proteins was assayed by the ability of expressed proteins to adsorb guinea pig erythrocytes (Crane Laboratories, Syracuse, N.Y.). Monolayers were incubated for 30 min at either 4 or 37°C with a 2% suspension of erythrocytes in phosphate-buffered saline supplemented with 1% CaCl 2 and MgCl 2 . After being extensively washed, adsorbed erythrocytes were lysed in 50 mM NH 4 Cl, and the lysate was clarified by centrifugation. HAd activity was quantitated by measuring the absorbance at 540 nm minus the background obtained with vector-expressing cells.
Production of MAbs. Hybridomas producing MAbs Fa and Fb were prepared as described previously (16) , following immunization of BALB/C mice with UV-inactivated virus and infected chicken embryo cells, respectively. Hybridomas were screened by an enzyme-linked immunosorbent assay and neutralization assays. Hybridoma supernatants were used in all experiments.
Cell surface expression and MAb reactivity. The cell surface expression and MAb reactivity of L289A-F were compared to those of the wt F protein and its cleavage site mutant (CSM) by immunoprecipitation (IP) of the labeled proteins chased to the cell surface, as described previously for the HN protein (32) . Briefly, mutant F-expressing cells were labeled for 3 h and chased with medium for 90 min, prior to IP by the individual MAbs or a rabbit antiserum prepared against the whole virus. Western blots for the detection of actin were used as a loading control. Diminished ability of the individual MAbs to recognize the mutated F protein was also confirmed by flow cytometric analysis.
Content-mixing assay for fusion. The fusion promotion activity of the viral glycoproteins expressed using the vaccinia virus-T7 RNA polymerase expression system was quantitated with a content-mixing assay (6) . Briefly, cell monolayers were infected with the vTF7-3 vaccinia virus recombinant as described above and cotransfected with the desired HN gene and either CSM F or L289A-CSM F, both of which carry a pair of cleavage site mutations which render the F protein nonfusogenic without exposure to trypsin. Another set of monolayers was infected with wt vaccinia virus (multiplicity of infection [MOI] of 10) and transfected with 1 g of the plasmid pGINT7␤-gal. Fusion of these two populations of cells resulted in expression of ␤-galactosidase, which was quantitated spectrophotometrically after a 5-h incubation period.
Fusion induced in the pCAGGS expression system was quantitated with a variation of this assay. The viral glycoproteins in pCAGGS vectors were cotransfected in one population of cells, along with pGINT7␤-gal. These monolayers were trypsinized and mixed with cells previously infected with the vTF7-3 vaccinia virus recombinant (MOI of 10). The fusion of these two populations of cells resulted in expression of ␤-galactosidase, which was again quantitated spectrophotometrically.
Removal of receptors on target cells by exogenous NA treatment. Target BHK cells transfected with pGINT7␤-gal were treated for 1 h at 37°C with 50 mU of Vibrio cholerae NA (VCNA)/ml in Dulbecco's modified Eagle medium. After being extensively washed with Dulbecco's modified Eagle medium, the target cells were mixed with BHK cells expressing wt HN and either wt CSM F or L289A-mutated CSM F, and the extent of fusion was determined in the contentmixing fusion assay.
FIG. 1. Diagram of the structure of the NDV F glycoprotein. The F protein is proteolytically cleaved to produce the two disulfide-linked polypeptides, F1 and F2. Cleavage generates the hydrophobic fusion peptide (FP). There are three HRs in NDV F: HR1, adjacent to the FP; HR2, just outside the transmembrane (TM); and, HR3, located between the other two at residues 268 to 289.
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L289A-MUTATED NDV FUSION PROTEIN 1181 IP assay. The IP protocol has been described previously (17) . Briefly, at 22 h posttransfection, BHK cells were starved for 1 h at 37°C in medium lacking cysteine and methionine. Cells were then labeled with 1 ml of medium containing 100 Ci of Expre 35 S 35 S labeling mix (Perkin-Elmer Life and Analytical Sciences, Boston, Mass.) for 3 h at 37°C and chased for 90 min with medium. The cells were lysed, and F was immunoprecipitated with the appropriate antibody. Immune complexes were collected with Ultralink-Immobilized Protein A Plus (Pierce, Rockford, Ill.) and then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Co-IP. The ability of HN to interact with F and L289A-F at the surface of transfected BHK cells was assayed at 16 h posttransfection, using a co-IP assay described previously (21) . Briefly, monolayers consisting of equal numbers of cells were starved and labeled, prior to biotinylation of cell surface proteins. An interaction between HN and F at the surface was assayed by the ability of the two proteins to coimmunoprecipate from dodecylmaltoside cell lysates with a MAb to the F protein.
RESULTS
The HN-independent fusion activity of L289A-mutated F in Cos-7 cells is not exhibited in BHK cells. A previous study showed that an L289A substitution in the NDV F protein eliminates the requirement for the HN protein in the promotion of fusion (26) . In that study, fusion was assayed in Cos-7 cells with expression of the mutated F protein from the pSVL expression vector driven by the simian virus 40 promoter. Expression of L289A-F alone gave 70% of the fusion obtained with wt HN and F. Thus, in Cos-7 cells, the L289A substitution in F almost completely eliminated the requirement for HN in fusion promotion. However, coexpression of the mutated protein with HN did result in a 50% enhancement of fusion above the level achieved with the two wt proteins.
As part of a goal of exploring the relationship between receptor recognition by HN and fusion by F, we set out to determine the ability of L289A-F to promote fusion in BHK cells, using the vTF7-3 RNA polymerase expression system. Unlike the results obtained with the simian virus 40-Cos-7 system, expression of the mutated F protein in the vTF7-3-BHK cell system in the absence of HN failed to result in significant syncytium formation, inducing only 1.9% of the fusion obtained when wt F was coexpressed with wt HN (Fig.  2) . Unfortunately, Cos-7 cells do not tolerate vaccinia virus well, and these cells cannot be assayed with this expression system. As shown in Fig. 3 , BHK monolayers expressing the mutated F protein alone were indistinguishable from those expressing the wt F protein alone, which is nonfusogenic in the absence of HN. However, the enhanced fusion over wt levels achieved in monolayers coexpressing L289A-F and wt HN was also observed with BHK cells. This combination resulted in 170% of wt fusion ( Fig. 2 and 3 ).
L289A-F also failed to promote HN-independent fusion in several other cell lines and with another expression system. The failure to observe HN-independent fusion in BHK cells expressing L289A-F could be a phenomenon specific to these cells. To address this possibility, we determined the fusionpromoting activity of L289A-F with the vaccinia virus-T7 RNA polymerase expression system in three additional cell lines: HeLa-T4, Hep-2, and CV-1. In each case, expression of L289A-F with wt HN resulted in 50 to 75% more fusion than the two wt proteins, but barely detectable or undetectable fusion when the mutated F protein was expressed in the absence of HN ( Fig. 2) . Thus, the failure to detect HN-independent fusion in BHK cells was not specific for that cell line.
Another possibility for the lack of detectable HN-independent fusion in our system is the use of vaccinia virus. To address this possibility, the L289A-F protein was expressed in the absence of HN in the same cell lines as above, as well as two additional cell lines, CHO and 293T, with expression driven by the chicken ␤-actin promoter from the pCAGGS vector. Similar results were obtained with this expression system in all six cell lines. At 18 h posttransfection, L289A-F expressed in the absence of HN promoted less than 5% of wt HN-and F-induced fusion in each cell line ( Fig. 4 ). Similar to results with the vaccinia virus-T7 RNA polymerase system, BHK cell monolayers expressing only the mutated F protein from pCAGGS were indistinguishable from wt F-expressing monolayers ( Fig. 3 ). Even at 40 h posttransfection, both the vaccinia virus-T7 RNA polymerase and pCAGGS expression systems promoted significantly less than 10% of the control amount of fusion (data not shown).
To ensure that the failure to detect significant fusion in BHK cells is not the result of a defect in the L289A-F protein used in these studies, it was expressed without HN in Cos-7 cells from the pCAGGS vector. Similar to the earlier work, the mutated F protein promoted a significant level of HN-independent fusion in these cells, although in our hands, only 30% of the wt HN-F control ( Fig. 4) . This was approximately onehalf of the previously reported level (26) , although it should be noted that in the earlier report fusion was scored microscopically. However, coexpression of L289A-F with HN in Cos-7 cells led to almost 170% of wt fusion activity. Thus, the enhanced fusion obtained with HN and L289A-F was observed in all cell lines tested. But HN-independent fusion appeared to be specific to Cos-7 cells, at least among the cell lines tested here.
A heterologous attachment protein cannot substitute for NDV HN in L289A-F-mediated HN-dependent fusion. Using vaccinia virus-T7 RNA polymerase-driven expression of HN and L289A-F in BHK cells, we set out to examine the relationship between HNЈs recognition of receptors and the HNdependent mode of fusion promoted by the mutated F protein.
First, we wanted to know whether a heterologous attachment protein could replace NDV HN in the HN-dependent mode of fusion promoted by the L289A-F protein. Coexpression of the mutated NDV F protein with hPIV3 HN resulted in only 4% of the fusion obtained with the two wt NDV proteins, an extent of fusion not significantly different from that promoted by the L289A-F protein in the absence of HN (1.9% of wt). This was negligible compared to the 170% of the wt amount observed when the mutated F protein was coexpressed with NDV HN in this expression system (Fig. 2) . Thus, a heterologous attachment protein could not significantly enhance the fusion ability of the L289A-F protein, indicating that the homologous HN protein is still required for efficient L289A-F-mediated fusion.
The homologous stalk domain of HN determines the fusion promotion ability of the L289A-F protein. By evaluation of the ability of HN chimeras composed of domains derived from the NDV and hPIV3 HN proteins to complement either NDV F or hPIV3 F in the promotion of fusion, we have previously shown that the stalk domain of either HN protein determines its fusion specificity for the homologous F protein (8) . A chimera (CH3) having only 141 N-terminal residues derived from NDV HN and the rest of the molecule, including the entire globular head, derived from hPIV3 HN, promoted more than 50% of wt NDV HN and F fusion. Similarly, a chimera with the entire NDV-derived ectodomain and a cytoplasmic tail and transmembrane anchor derived from the hPIV3 HN protein (CH6), as well as a chimera with only the stalk and transmembrane derived from NDV HN (CH11), promoted 45.5 and 39.5% of wt NDV HN and F fusion, respectively (8) .
To determine whether L289A-F-mediated fusion exhibits the same dependence on the stalk region of the homologous HN protein, we evaluated the ability of NDV-hPIV3 chimeras with this region of the protein derived from NDV HN to complement the mutated NDV F protein in fusion. L289A-F expressed with chimeras CH3, CH6, and CH11 promoted 105.8, 110.3, and 92.0%, respectively, of wt fusion. This is compared to 52.2, 52.0, and 29.5%, respectively, of wt HN-and F-mediated fusion when the chimeras were expressed with wt F (Fig. 5 ). The latter values were very similar to those originally reported for these chimeras (8) . Thus, in each case, the introduction of the L289A substitution resulted in at least a twofold increase relative to the extent of fusion promoted by wt F with the same chimera. Therefore, the promotion of fusion by L289A-F shows the same dependence on a contribution from the stalk domain of the homologous HN protein as the wt NDV F protein but again is more fusogenic.
HN dimer interface mutants deficient in attachment and fusion at 37°C efficiently promote fusion with L289A-F. We have previously shown that substitutions for residues F220 and S222 at the dimer interface of HN resulted in a destabilization of its interaction with receptors (6) . These mutants exhibited near wt HAd at 4°C but were severely deficient in this activity at 37°C. This destabilization of attachment results in sharply diminished fusion activity, to less than 20% of the wt. Figure 6 compares the ability of HN proteins carrying substitutions for these residues to complement wt NDV F and the L289A-F protein in the promotion of fusion. Consistent with earlier data (6), HN proteins carrying substitutions of F220A, F220N, S222A, or S222T severely impaired the ability of HN to complement wt F in the promotion of fusion, inducing amounts varying from 3.0 to 13.5% of the wt. However, in each case, expression with F carrying an L289A substitution resulted in a highly significant increase in fusion relative to that achieved with the wt F protein. Expression of L289A-F with HN carrying either an F220A or F220N substitution promoted approximately 85% of wt fusion activity ( Fig. 6 ) while promoting only 13.5 and 3% of activity, respectively, with wt F. Similarly, HN carrying a substitution of S222A or S222T induced 54.7 or 80.3%, respectively, of wt fusion with the mutated F protein, while they promoted only about 9% wt fusion with the wt F protein. Thus, HN proteins carrying substitutions at two residues in the dimer interface, previously demonstrated to decrease receptor binding and in turn to decrease fusion with wt F, are capable of promoting extensive fusion with L289Amutated F.
One possibility that could account for these findings is a stabilization of the attachment activity of the mutated HN proteins by coexpression of L289A-F. To address this possibility, HAd was compared in the cold and at 37°C for each of the above mutants expressed alone and in the presence of the CSM form of L289A-F. No difference in the attachment activity of any mutated HN protein was detected in the presence of the mutated F protein (data not shown).
NA-deficient HN proteins, which fail to bind receptors or promote fusion with wt NDV F, promote a significant level of fusion with L289A-F. We have previously shown that several substitutions in the NA active site abolish the NA, HAd, and fusion promotion activities of HN, despite efficient expression at the cell surface (17, 21) . These substitutions include I175E, D198R, K236R, Y526L, and E547Q. Based on the ability of L289A-F to fuse in the presence of dimer interface mutants, we assayed the fusogenic activity of the mutated F protein when it is coexpressed with each of these functionally deficient HN proteins ( Fig. 7) . Consistent with our earlier findings, none of the mutated HN proteins complemented wt F in the promotion of fusion at more than 3% of the wt level. This extremely low level of fusion may be due to a minimal amount of attachment activity that is undetectable by the HAd assay. More importantly, expression of each mutated HN protein with L289A-F did result in a significant amount of fusion, ranging from a low value of 18.2% for E547Q-HN to a high of 53.3% for I175E-HN. Thus, L289A-F is able to promote fusion when expressed with HN proteins that lack detectable receptor recognition activity.
Again, one possible explanation for the ability of these mutated HN proteins to promote fusion with L289A-F, but not the wt protein, is that L289A-F somehow rescues their receptor recognition activity. To test this possibility, the HAd assay was performed both at 4 and 37°C on monolayers in which the mutated HN proteins were coexpressed with the CSM form of L289A-F. None of the mutated HN proteins exhibited HAd activity significantly differently from that obtained when they were expressed in the absence of F (data not shown). Thus, the ability of these HN mutants to promote fusion with L289A-F is not related to a restoration of their receptor binding function.
The L289A substitution does not affect the ability of F to interact with HN at the cell surface. An interaction between the NDV HN and F proteins at the surface of cells coexpress-
ing the two proteins can be detected in a co-IP assay in which HN complexed with F is precipitated by an antibody to the latter protein (21) . The ability of L289A-F to interact with HN, as well as with the NA-HAd-deficient mutants, was tested in this assay. In this experiment, lysates from equal numbers of cells are immunoprecipitated with either a mixture of MAbs to HN and an anti-F MAb or only the anti-F MAb. The percentage of the total amount of each HN protein at the cell surface that coimmunoprecipitates with F was determined. Figure 8A compares the amount of HN coimmunoprecipitated with F and the L289A-mutated form of the protein. In this experiment, both F proteins carry a pair of cleavage site mutations that render the protein dependent on protease treatment for fusion activation (7) . This was done to eliminate the difference in the efficiency of IP of the F protein from fusing and nonfusing monolayers (7) .
The HN protein is coimmunoprecipitated by the anti-F MAb from the surface of cells in which it is expressed with either F protein. We previously demonstrated that the coimmunoprecipitated protein is authentic HN by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under nonreducing conditions (21) . In previous experiments, approximately onethird of the wt HN at the cell surface was brought down by the antibody to F in this assay (21) . In this experiment, 21.5% of HN coimmunoprecipitated with wt F. However, 42% of HN coimmunoprecipitated with L289A-F. Thus, the L289A substitution may increase the ability of the F protein to interact with HN at the cell surface. Figure 8B also shows the co-IP of HN mutants carrying substitutions of I175E, D198R, K236R, Y526L, or E547Q with L289A-F. Co-IP of these HN mutants is quite analogous to our previous findings with the wt F protein. The D198R-and K236R-mutated HN proteins were weakly coimmunoprecipitated in detectable amounts with the mutated F protein, though they were not with wt F. Y526L-and E547Q-mutated HN proteins, which are not precipitated in significant amounts with the wt F protein, were with L289A-F. Quantitation of the percentage of total HN at the cell surface that was precipitated with L289A-F revealed that 18.5 and 6.4% of the total cell surface of Y526L-HN and E547Q-HN, respectively, coimmnuoprecipitated with the mutated F protein. This may be enough of an interaction to account for the level of fusion obtained with these mutated HN proteins and L289A-F ( Fig.  7) . Most importantly, I175E-HN, which has been shown to coimmunoprecipitate with wt F, despite its lack of receptor recognition activity, also interacted with L289A-F. Of the total amount at the cell surface, 22.4% could be captured in a complex with the mutated F protein. This was slightly greater than the almost 15% of the protein that coimmunoprecipitated with wt F (21) . Thus, L289A-F appears to interact at the cell surface more efficiently than the wt F protein with wt HN and several mutated HN proteins. Note that the difference in migration rate of F is dependent on the NA activity of the coexpressed HN protein and is due to the presence or absence of sialic acid.
Dependence of L289A-F-mediated fusion on sialic acid receptors. Based on the ability of L289A-mutated F to promote 
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L289A-MUTATED NDV FUSION PROTEIN 1185 a significant amount of fusion with HN proteins that are either deficient in receptor recognition or bind receptors with diminished stability, the possibility exists that the mutated F protein is capable of promoting fusion using a receptor other than sialic acid. To test this possibility, we took two approaches. First, target cells in the content-mixing fusion assay were treated with exogenous VCNA prior to being mixed with cells coexpressing HN and either wt F or L289A-F. As shown in Fig. 9 , the promotion of fusion by wt HN-F-expressing cells was reduced by more than 80% by treatment of the target cells with VCNA. However, the fusion-promoting activity of HN-L289A-F-expressing monolayers was significantly more resistant to removal of sialic acid receptors. They retained more than 50% of their original activity, which corresponded to nearly 90% of the activity exhibited by wt HN-F-expressing monolayers with untreated target cells. The fusion activity of wt HN-F-expressing cells that is resistant to exogenous NA treatment of target cells may be due to the inability of the VCNA treatment to completely deplete the cells of sialic acid. Even treatment with higher concentrations of VCNA did not completely eliminate wt HN-F-mediated fusion, suggesting that the amount of enzyme used is not limiting (data not shown). Thus, it seems more likely that, over the course of the 5-h incubation in the content-mixing assay, receptors are being replenished at the surface of the target cells.
Thus, we used the same approach with the less fusogenic NDV-hPIV3 chimeras CH3, CH6, and CH11. The fusion-promoting activity of wt F complemented with each of these chi- meras was completely eliminated by VCNA treatment (Fig. 9) . These chimeras and wt F promoted 30 to 50% of wt fusion, but this fusion was completely eliminated by the VCNA treatment. Yet, fusion promoted by cells coexpressing CH3, CH6, or CH11 with L289A-F exhibited significant resistance to VCNAmediated removal of sialic acid on target cells. The three chimeras normally promote fusion with L289A-F approximately as effectively as wt HN does with wt F. Even after VCNA treatment of target cells, chimeras CH3 and CH6 still retained one-half, and chimera CH11 retained one-third, of the fusion they exhibited with L289A-F ( Fig. 9) . Thus, the promotion of fusion by L289A-F is partially resistant to the depletion of sialic acid receptors.
As a second approach to understanding the role of sialic acid receptors in L289A-F-mediated fusion, we used a sialic aciddeficient cell line. Lec2 cells are CHO-derived cells that are defective in the expression of sialic acid due to a block in the translocation of CMP-sialic acid to the lumen of the Golgi apparatus (9) . CHO cells served as a positive control in this experiment. HN and either wt F or L289A-F were coexpressed in the two cell lines with the pCAGGS expression system. As shown in Fig. 3 , coexpression of HN and L289A-F in CHO cells resulted in almost a twofold increase in the amount of fusion achieved with the two wt proteins in these cells. Figure   10 shows CHO and Lec2 monolayers transfected with wt F or the L289A-mutated protein in both the presence and absence of HN. Coexpression of HN and F in the sialic acid-deficient Lec2 cells failed to promote detectable amounts of fusion. However, coexpression of L289A-F and HN still resulted in a minimal, but detectable, amount of fusion in Lec2 cells. These cells still retained approximately 5 to 10% of the sialic acid present in the control cells (9) . It is likely that this minimal amount of sialic acid was sufficient for the L289A-F protein to promote fusion, whereas there was not enough receptor binding activity to complement the wt F protein.
MAbs detect a difference between L289A-mutated F and the wt protein. Cells expressing wt F and L289A-F, as well as the CSM forms of each protein, were individually immunoprecipitated with two MAbs specific for the NDV F protein. Equivalent amounts of cells were radiolabeled, and the proteins were chased to the surface. The F proteins were immunoprecipitated with one of two MAbs, Fa or Fb (Fig. 11A) , or a polyclonal rabbit anti-NDV serum. The latter served as a control. The two MAbs recognized different conformation-dependent epitopes, based on their failure to bind to wt F in Western blots (data not shown). Wt F and L289A-F migrated as two bands, the uncleaved (F o ) and cleaved (F 1 ) forms. However, as ex- Both MAbs immunoprecipitated significantly less of both L289A-mutated F proteins than the corresponding wt or CSM F protein (Fig. 11A, compare lanes 5 and 6, 7 and 8, 9 and 10, and 11 and 12). Densitometric quantitation of CSM F and CSM L289A-F immunoprecipitated by the two MAbs reveal L289A-F to wt F ratios of 0.59 and 0.54, respectively, for MAbs Fa and Fb. These results are supported by flow cytometric analyses, which showed that L289A-F is recognized 64.5% Ϯ 6.2% and 55.7% Ϯ 11.1% as well as the wt protein by MAb Fa and Fb, respectively. Unlike the two MAbs, the antiserum immunoprecipitated comparable amounts of CSM F and L289A-CSM F (Fig. 11A, lanes 3 and 4) . Densitometric quantitation of lanes 3 and 4 in Fig. 11A gave a ratio of 1.07 for the CSM forms of L289A-F to that of the wt F protein. This indicates that the difference detected by the two MAbs was not due simply to a difference in cell surface expression.
The results with the cleaved form of the protein were similar (Fig. 11A ). Both MAbs also immunoprecipitated L289A-F less efficiently than the wt protein, with ratios of L289A-F to wt F of 0.27 and 0.25 for Fa and Fb, respectively (Fig. 11A , compare lanes 5 and 6 and 9 and 10). Though the polyclonal serum also immunoprecipitated L289A-F less efficiently than the wt protein (ratio of 0.58) (Fig. 11A, lanes 1 and 2) , this still meant that both L289A-mutated forms of the F protein were recognized about one-half as well as the corresponding wt form of the protein. Thus, two F-specific MAbs detected a conformational change in the F protein resulting from the L289A substitution. Figure 11B shows a Western blot loading control in which an aliquot from each lysate in panel A was probed with antibody to actin.
DISCUSSION
Similar to the activity of most paramyxoviruses, the fusion promotion activity of the wt NDV F protein is completely dependent on contributions from the homologous HN protein.
One of the functions of HN in fusion is its ability to recognize sialic acid receptors. Despite the conservation of this activity among members of the paramyxovirus genus, heterologous HN proteins cannot substitute for NDV HN in complementing NDV F in the promotion of fusion. This is consistent with the existence of a virus-specific interaction between the two NDV glycoproteins demonstrable at the surface of both infected and transfected cells (7, 21) . The specificity of NDV HN-F-mediated fusion is determined by the stalk region of the HN ectodomain (8, 32) .
It has previously been demonstrated that a single amino acid substitution, L289A, in the NDV F protein alters the requirement for HN in the promotion of fusion (26) . NDV F, carrying this substitution, is capable of promoting a significant level of syncytium formation in Cos-7 cells in the absence of HN. Here, we show that this HN-independent mode of fusion is apparently specific to this cell line. In several other cell types, L289A-F promotes less than 3% of wt fusion in the absence of HN.
The fact that HN-independent fusion is exhibited only in Cos-7 cells can potentially be explained in several ways. The possibility exists that only Cos-7 cells display an unidentified receptor molecule on their surfaces that is recognized by L289A-F. Alternatively, the unknown molecule may be present on the surfaces of all of the cells tested but may be present in significantly greater amounts on Cos-7 cells. Finally, HN-independent fusion may simply be a reflection of an inherently easier fusogenicity of Cos-7 cells.
We attempted to discriminate between these possibilities by performing the content-mixing fusion assay with HN and F coexpressed in one cell type (BHK or Cos-7) with the other cell type (BHK or Cos-7) serving as receptor-bearing target cells. We have been unable to detect significant fusion with either combination of cells. However, interpretation of these experiments is limited by the fact that Cos-7 cells do not tolerate the vaccinia virus well, necessitating the use of lower MOIs.
The combination of HN and L289A-mutated F consistently promotes a significantly greater amount of fusion than that promoted by the two wt proteins in all of the cell lines tested. Thus, we compared several parameters of the HN-dependent mode of fusion of this mutant F protein to that of wt F. In many ways, the mutated F protein is identical to the wt F protein. As we have shown previously for the wt F protein (8), L289A-F-induced fusion is not complemented by the heterologous hPIV3 HN protein. Thus, the contribution of receptor recognition activity, even by a heterologous HN protein, is not sufficient for L289A-F to induce fusion. Related to this finding, the mutated F protein shows the same fusion specificity exhibited by the wt protein with respect to NDV-hPIV3 HN chimeras. The stalk region of the HN spike determines the fusion specificity of L289A-F, just as it does the wt F protein.
Finally, L289A-mutated F appears to interact more efficiently with HN than does the wt F protein. We have previously shown that wt HN and F can be coimmunoprecipitated from the surface of cells coexpressing the two proteins with an antibody to the F protein (21) . Approximately 42% of the HN present at the cell surface is coimmunoprecipitated through its interaction with L289A-F. This compares to the 21.5% of HN brought down with the wt F protein in the same experiment. This means that the changes induced in the F protein by the L289A substitution not only fail to interfere with its ability to interact with the HN protein at the cell surface, but rather may slightly enhance the interaction. The mutated F protein also displays a slightly different phenotype with respect to its ability to interact with a panel of NA-HAd-and fusion-deficient HN proteins. D198R-and K236R-mutated HN proteins are weakly coimmunoprecipitated with the L289A-F protein, though they are not with wt F. Also, Y526L-and E547Q-mutated HN proteins, which are not precipitated in significant amounts with the wt F protein, are precipitated in minimal amounts with L289A-F. Most importantly, I175E-HN, approximately 15% of which has been shown to coimmunoprecipitate with wt F despite its lack of receptor recognition activity, interacts more efficiently with L289A-F (approximately 23% of the total amount). Thus, not only does L289A-F interact with HN at the cell surface, but it does so more efficiently than the wt F protein.
However, L289A-F differs from the wt protein in one very important way. Although it requires the receptor recognition activity of the homologous HN protein in order to promote fusion (except in Cos-7 cells), it is much less dependent on this activity than the wt protein. This is demonstrated in several ways. First, the mutated F protein is capable of promoting significant levels of fusion with the I175E, D198R, K236R, Y526L, and E547Q HN mutants. Most notably, the combination of I175E-HN and L289A-F results in more than 50% of the level of fusion achieved with the two wt proteins. Fusion obtained with the other HN mutants and L289A-F ranges between 18 to 36% of that obtained with wt HN and F. This is in contrast to the negligible amount of fusion obtained by coexpression of these mutated HN proteins with wt F. The slight interaction detectable between these HN proteins and L289A-F does not appear to be sufficient to account for the significant level of fusion observed. Thus, L289A-F-induced fusion is still triggered under conditions where the HN-receptor interaction is undetectable by the HAd assay.
Second, L289A-F gives markedly enhanced levels of fusion with HN proteins carrying substitutions for residues F220 and S222. For example, coexpression of either F220N-HN or S222T-HN with wt F results in more than 80% of wt fusion. This is a dramatic increase over the less than 10% of wt fusion obtained when these mutated HN proteins are coexpressed with the wt F protein. The diminished fusogenic activity of these mutated HN proteins correlates with an unstable interaction between HN and receptors on target cells. Evidently, this interaction, although apparently too transient to enable the wt F protein to promote fusion, is strong enough to trigger fusion by L289A-F. The mutated F protein is able to promote fusion even with a weaker HN-receptor interaction.
Third, fusion induced by L289A-F is significantly more resistant to receptor removal than that induced by the wt F protein. Target cells were treated with exogenous NA in an attempt to deplete them of sialic acid receptors. This treatment did not completely eliminate fusion by wt HN and F; 18% of wt fusion survives this treatment. The remaining fusion is likely due to a very low level of receptors replenished during the incubation period of the content-mixing fusion assay. Still, the VCNA-treated monolayers coexpressing L289A-F and wt HN promote a level of fusion that is not significantly different from that obtained with untreated monolayers coexpressing the two wt proteins. Similarly, although fusion induced by wt F and NDV-hPIV3 HN chimeras CH3, CH6, and CH11 is completely blocked by VCNA treatment; monolayers coexpressing these chimeras and L289A-F also promote a level of fusion comparable to that exhibited by untreated monolayers coexpressing the respective chimera and the wt F protein. Again, these findings are consistent with a decreased dependence of L289A-F induced fusion on receptor binding by HN. In fact, the mutated F protein is capable of promoting fusion, albeit to a relatively minimal extent, in sialic acid-deficient Lec2 cells. This minimal amount of fusion is likely due to the fact that Lec2 cells still retain 5 to 10% of the wt amount of sialic acid (9) . Although this amount of sialic acid is insufficient for the wt F protein to promote fusion, it is enough for the L289Amutated protein.
There are several examples of membrane fusion induced by expression of only the fusion protein. Most notably, the F protein of the W3A strain of another paramyxovirus, simian virus 5, is capable of promoting HN-independent fusion. Based on sequence differences with the F protein of the highly homologous WR strain, which requires HN for fusion, it was shown that two amino acids, proline 22 and serine 443, are responsible for the HN-independent phenotype (23, 30) . Other examples of attachment protein-independent fusion include the F proteins of several respiratory syncytial viruses in the Pneumovirus genus (19) and that of peste-des-petits-ruminants virus, a morbillivirus (27) . However, it should be noted that the fusion promotion activity of each these attachment proteinindependent F proteins is significantly enhanced by coexpression of the homologous receptor binding protein, as it is for L289A-mutated NDV F.
Attachment protein-independent fusion has also been induced by site-directed amino acid substitutions in important domains of various F proteins. In this way, it was shown that residues E132 in HR1 and A290 in HR3 also contribute to the HN-independent fusion activity of simian virus 5 F (18). Similarly, mutations in the cytoplasmic domain of the SER virus F protein rescue syncytium formation and eliminate the HN protein requirement for membrane fusion (28) .
The mechanism of attachment protein independent fusion is poorly understood. Perhaps, the best-characterized system is that of the respiratory syncytial virus F protein. This protein can bind cellular heparin and heparan sulfate receptors and trigger a conformational change in the F protein, leading to extensive fusion in the absence of the viral attachment protein (1, 10) . Recently, it has been shown that heparan sulfate also acts as a receptor for two other paramyxoviruses, Sendai virus and hPIV3 (2) . Consistent with this, the F proteins of these viruses have several highly basic heparan sufate binding motifs (2, 10). However, it seems unlikely that heparan sulfate serves as a receptor for NDV F. The only such motif in the protein is the F cleavage site itself, which is not conserved in avirulent strains of the virus (13) . Also, depletion of heparan sulfate from the cell surface with heparinase I has no significant effect on the extent of fusion induced by either wt F or L289A-F (data not shown).
The structural importance of HR3, of which L289 is a part, is most likely related to the fact that it is situated between HR1 and HR2. The L289A substitution may weaken the helical VOL. 79, 2005 L289A-MUTATED NDV FUSION PROTEIN 1189
on January 17, 2020 by guest http://jvi.asm.org/ structure of HR3 and thereby lower the energy needed for the conformational change that results in HR1 and HR2 coming together in the fusion-active form of F. In addition, the reduced energy of activation of the L289A-mutated NDV F protein correlates with a conformational change in the protein detectable by conformation-specific antibodies.
